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Abstract—5G technology is a broad concept that describes the
envisaged disruptive evolution of communication technology in
the near future, with a dramatic increase in the network data-
rate and capacity to support a variety of innovative services.
The exploitation of the new spectrum available at mmWaves
represents a key enabler for 5G. mmWaves are expected to
revolutionize the indoor wireless connectivity providing a very
large capacity at very high data rates. It is well known that
mmWaves radio links are strongly influenced by human bodies
and this issue is very relevant in indoor environments. Several
models are available for ray-tracing investigations and line-
of-sight blockage, whereas statistical models enabling tractable
analytical studies and simulations of mmWaves wireless systems,
accounting for people in the link’s proximity, are still lacking. In
this paper, measurements of 60 GHz channel impulse responses in
static but “evolutionary” office scenarios that involve one, two and
three individuals are presented. Regression fits are applied to the
experimental responses to obtain an accurate characterization of
human-induced shadowing events in both proximity and blockage
situations. Tractable statistical models are provided for different
scenarios and for eight carrier frequencies spanning the bands
from 54 to 59 GHz and from 61 to 66 GHz.
I. INTRODUCTION
5G technology is a very broad concept grouping a huge
number of different communication technologies and systems
with the aim to create a complex scenario of heterogeneous
interoperable networks, able to provide, together, a huge
variety of innovative pervasive services. In this context, a key
role is played by mmWaves technologies that, with their huge
bandwidth available in different spectral regions, are promising
to offer reliable support for capillary mobile, cellular and
indoor WLAN coverage at very high data rates [1]. Currently,
several standardization efforts are known, focused on defin-
ing communication standards for short-range wireless multi-
Gbps systems, namely, e.g., IEEE 802.15.3c, IEEE 802.11ad,
ECMA-387 and the industrial consortia WirelessHD (2008)
and the WiGig Alliance (subsumed by the Wi-Fi Alliance in
March 2013) [2]–[4].
To optimize the design of next generation systems account-
ing for realistic operating conditions, accurate and reliable
channel models are being developed based on both channel
measurements and ray-tracing tools [5]–[18]. The two most
established channel models for 60 GHz indoor communica-
tions are the IEEE 802.15 TG3c [19] and the IEEE 802.11
TGad [20] models. The TG3c model covers residential, office,
library, desktop, and kiosk environments, whereas the TGad
model covers conference room, living room, and cubicle. As
human shadowing is a severe problem for wireless indoor
mmWaves communications, large effort has been devoted
to the characterization of this phenomenon [17], [21], [22].
Available models mainly focus on the characterization of the
blockage of the line-of-sight (LoS) and the temporal evolution
due to one person crossing through the radio link [21]. Due
to propagation phenomena, like diffraction and reflection,
60 GHz radio links are influenced not only by the LoS
blockage, but also by the presence of people in the proximity,
even if they are in quasi-stationary conditions. Other models
assume a random walking of the involved person inside the
room to get the relevant parameters of the channel in the
presence of individuals [17]. However, in real situations human
bodies are not allowed to be located randomly in the room, but
move accordingly to some preferential or constrained paths,
and most of the time they stay in a fixed position, e.g. in
the office rooms people are mostly sitting at their desks.
Unfortunately, a realistic statistical model for the shadowing
induced by human bodies in the proximity of mmWaves radio
links, allowing tractable analyses, is not available yet.
In this paper, we present a dedicated measurement campaign
and subsequent modeling investigations aiming at providing
a shadowing model that could allow tractable analysis of
performance of 60 GHz wireless systems operating in realistic
office environments in the presence of people in the room.
We recorded a set of channel impulse responses (CIRs) for
each snapshot with a quasi-stationary channel. Each snapshot
is taken while the people are in a fixed position following a
traceable and repeatable path. Either one, two or three persons
were involved in the measurements. The paths are dictated
by the usual paths persons make to reach their own desk.
Through these measurements we want to evaluate the influence
of human bodies on the link not only when people are blocking
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Fig. 1. Experimental setup.
Fig. 2. Measurement scenarios.
the LoS path, but also when people are approaching the link,
but still faraway from the LoS path. By analyzing these data,
we provide a tractable statistical model for the shadowing
induced by either one, two or three people walking in the
room. We also provide a cumulative model for all three cases
together, useful when it is not known whether one, two or three
people are in the room - in this case we assume the three
cases as independent and equiprobable. Our model is based
on Truncated Gaussian Mixture Models (GMMs) [17], [23],
which are the fitting distributions that give the best agreement
with the empirical ones. We also analyze the blockage situation
in the presence of either two or three people.
The paper is organized as follows. In Sec. II we describe
the measurement campaign and the post-processing procedure
to obtain the CIRs from the recorded profiles. In Sec. III
the shadowing model is derived through the described post-
processing and fitting procedures applied to the experimental
data. Sec. IV presents our findings for the LoS blockage
scenarios. Conclusions are drawn in Sec. V.
II. CHANNEL MEASUREMENTS
A. Measurement Setup and Scenarios
The measurement setup is depicted in Fig. 1. It consists of
a transmitter platform (TX), an up- and down-converter pair
and a local oscillator (LO) chain. The TX is a PN-sequence
channel sounder in the 4.2-5.4 GHz band [24].
The up-converter consists of a mixer whose inputs are the
signals generated by the TX and the LO chain. A power
amplifier (PA) is placed right before the transmit antenna.
The down-converter’s architecture is complementary to the up-
converter’s. Down and up -converters are both equipped with
a pair of passband filters, for the 54-59 GHz and 61-66 GHz
bands, respectively.
The LO chain is tunable, thanks to a tunable synthesizer
(4 to 10 GHz), so that the transmitted signal has a bandwidth
BIF = 1:2 GHz and a carrier frequency spanning the bands of
interest, i.e., four sub-bands in the 54-59 GHz region, referred
to as BL, and four in the 61-66 GHz region, referred to as
BH . This capability of sounding the channel at eight different
carrier frequencies allows us to investigate the dependence on
frequency of the main channel parameters.
The LO signal is sent to both the up- and down-converters.
The down-converter’s output, which is the signal at the inter-
mediate carrier frequency f IFc = 4:78 GHz, is amplified and
sent to a digital sampling oscilloscope (DSO), able to display
a signal up to 6 GHz with a sampling frequency of 20 GSps.
The synthesizer’s tuning and the DSO waveform acquisition
are automatically controlled by a software that allows the PC
to communicate with the DSO through the GPIB interface
and to change the synthesizer’s frequency via the controller
“Arduino Duemilanove.” The antennas are placed on the desks
at a height of 0.97 m. The transmitting antenna is a directional
horn antenna with a gain of 25 dBi and a beamwidth of
9 degrees, whereas the receiving antenna is omni-directional
in azimuth and has a gain of about 2 dBi. This choice has
been made assuming that likely in practice Access Points
(APs) are going to be more complex than the user terminals,
hence the APs will use advanced beamforming to locate the
connected devices and to make a strongly directional link
towards the preferred directions, whereas portable devices will
be likely equipped with an omnidirectional antenna. Thus, our
measurements emulate the downlink operation, i.e. from the
AP to the user terminal. For further details on the experimental
setup, we refer the interested reader to [6].
The measurement area is shown in Fig. 2. It consists
of a typical office room delimited by concrete, with two
windows, one entrance door on the opposite side of windows,
several desks (labeled by the capital letters B, C, D, E, F
and G) and one cabinet (labeled by A). Both the transmitter
(depicted by the black triangle) and the receiver (depicted
by the square) are kept stationary and in the exact same
position for all measurements. Transmitter and receiver are
in LoS1 and the transmitter antenna is appropriately oriented
toward the omnidirectional antenna of the receiver. A reference
measurement is made in static conditions in the empty room,
i.e. without any person in the room.
In order to guarantee the reproducibility of the single mea-
surement, the involved people stay in a fixed position during
the recording phase. At each measurement a new position is
taken by the involved people. Possible positions belong to a
fixed and repeatable path individuated by marks on the floor.
Each involved person follows the specific pattern of locations
depicted in Fig. 2. The locations are labeled by Pk;l, where
1The LoS path is obviously obstructed during the blockage measurements.
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k = 1; 2; 3 indicates the number of involved people in the
measurements and l = 1; : : : ; 6 indicates the location in the
path. The third person appears just in the location P3;1, seated
in the chair close to the receiver.
Dedicated measurements are made for the blockage situa-
tions when two or three people stay in correspondence of the
line joining the transmitter and the receiver, as indicated by
the orange circles. The yellow circles in Fig. 2 indicate the
locations taken by one person during the measurements with
one, two and three person. The blue circles depict the positions
taken by the second person in the measurements involving two
and three people.
During each recording phase, a set of 23 realizations of the
received signal is recorded, which allows us to account for the
small fluctuations of the signal level due to small movements
of the human bodies, like e.g. the breathing.
B. Post-Processing Procedure
The probe signal is a train of pulses shaped by a PN–
sequence, given by:
s(j)(t) =
"
KcX
k=1
ckw(t  kTc)
#
cos

2f (j)c t

(1)
for j = 1; 2; : : : ; 8, where ck 2 f 1;+1g is the chip value of
the m-sequence modulation, Kc = 1023 is the sequence pe-
riod, Tc = 0:8 ns is the chip time, w(t) is the pulse waveform
[24] and f (j)c = f IFc + fc+fBH + l BIF for l = 0; : : : ; 3 is
the j-th carrier frequency, with f IFc = 4:78 GHz, fc = 50 GHz
and fBH = 7 GHz for f
(j)
c 2 BH , 0 otherwise.
The received signal is recorded by the DSO, i.e. after the
down-conversion to f IFc , using a sampling time of 50 ps and
an observation window of 860 ns, about 40 ns larger than the
nominal duration of the signal, so that the CIR has completely
decayed within this time. The received signals are coherently
demodulated with a local carrier at the nominal frequency of
4:78 GHz. After the cross-correlation with the m-sequence
template, the CIRs are extracted from the obtained In-phase
and Quadrature-phase components of the signals through the
deconvolution operated by the CLEAN algorithm. It is a
subtractive deconvolution approach that, by construction, goes
through the input signal to find template’s echoes that compose
it [25] and provides as an output the estimates of the arrival
times and amplitudes of the individual paths that compose the
CIR. For further details on the post-processing procedures to
obtain the CIRs, we refer the interested reader to [6].
III. SHADOWING
Operating the convolution of the obtained CIRs with the
path template, we obtain the set of actual received signals
when the template pulse is transmitted. By integrating the
squared amplitudes of these signals over the time axis and
normalizing to the integration period, we obtain the received
power PRk;l(f
(j)
c ) in dBm for each scenario described above
as a function of the carrier frequency f (j)c for j = 1; : : : ; 8.
Fig. 3. Bar chart of the additional shadowing values SHk;l in the presence
of k people in the position l for the four carrier frequencies in the low band
BL.
Fig. 4. Bar chart of the additional shadowing values SHk;l in the presence
of k people in the position l for the four carrier frequencies in the high band
BH .
Applying the same procedure to the reference scenario
with the static channel, i.e. without people walking around,
we obtain the reference power PRNH(f
(j)
c ) in dBm. Since
the objective of this analysis is the characterization of the
additional shadowing SHk;l induced by the presence of people
in the proximity of the link, we define the term:
SHk;l [dB] = PRNH(f
(j)
c )  PRk;l(f (j)c ) (2)
to indicate the additional shadowing with respect to the
reference situation (i.e., no human in the room) due to the
presence of k people, for k = 1; 2; 3, in the l-th position, for
l = 1; : : : ; 6, along the path in the proximity of the link.
We define an analogous term, SB, for the LoS blockage by
two or three people, indicated by p:
SB[dB] = PRNH(f
(j)
c )  PRBp(f (j)c ) for p = 2; 3; (3)
where PRBp(f
(j)
c ) in dBm is the received power in the LoS
blockage.
The values from (2) are shown in Fig. 3 and 4, whereas
values from (3) are shown in Fig. 8 and discussed in Sec. IV.
Since the shadowing represents a fluctuation of the received
power with respect to the reference power, it can be either
positive or negative. Many studies about the effect of the
human body on millimeter-waves propagation explained this
behavior as the effect of diffraction [21]. It is worth to
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notice that this behavior appears to be strongly dependent
on the carrier frequency. Indeed, the carriers 61.78 GHz and
62.98 GHz presents most negative values, as shown in Fig. 4.
A. The Statistical Model for the Shadowing
We want to provide a model suitable to make tractable anal-
ysis and simulations of mmWaves wireless systems. Hence we
propose a statistical model for the additional shadowing due
to the presence of people, obtained through a regression fit of
empirical distributions of measurements data. In summary, the
transmitted signal undergoes a path loss attenuation PL(d; f)
given by the sum of three different kinds of attenuation, i.e. the
average path loss PL(d; f) given by the deterministic models
of power laws with distance and frequency, the conventional
shadowing X related to the interaction with obstacles, objects
and furniture in the area and the additional shadowing due to
the presence of people SH :
PL(d; f)[dB] = PL(d; f)[dB] +X[dB] + SH [dB]: (4)
Several models for the average path loss PL(d; f) and
for the conventional shadowing term X are available in the
literature, and can be used in combination with our model for
the human-induced shadowing SH .
To define a model as a tool suitable for realistic simulations
of mmWaves systems, regression fits are applied to different
sets of data, according to different scenarios that may happen
in practice. Hence, we define four sets of shadowing data, as
due to the presence of:
 one person
 two people
 three people
 all cases together.
The last case represents a situation where there is no
knowledge about the potential number of people in the room.
The shadowing values for the three cases are just put together
here with unitary weights. A more accurate model could define
appropriate weights related to the probability that additional
people can be in the proximity of the mmWaves link.
Among several distributions we fitted against the shadowing
values, including the Gaussian distribution in log-scale (Log-
normal in linear scale) and the Weibull distribution [26], we
found that the best agreement with the empirical distributions
is given by the Truncated second order Gaussian Mixture
Models (GMMs) in log-scale [17]. The agreement between
the empirical histograms and the fitting probability density
functions (pdfs) is shown in Fig. 5 for the four considered
set of data for two exemplary carrier frequencies in BL and
BH , respectively. The empirical histograms clearly exhibit two
main peaks, one of them is located very close to 0 dB whereas
the other is at higher values, but always in the interval 6 dB.
A GMM is a parametric probability density function repre-
sented as a weighted sum of Gaussian component densities.
They are commonly used to fit probability distributions of
continuous measurements or features in biometric systems
[23], and recently to fit the attenuation due to human bodies
moving around and obstructing the transmitter-receiver link
Fig. 5. The empirical pdfs for the Shadowing compared to the fitting Gaussian
components of the truncated GMMs and to the resulting mixture pdfs of the
GMM for two exemplary carrier frequencies in the low band BL (upper plot)
and in the high band BH (lower plot) for the four cases listed above, i.e. in
the presence of either 1, 2 or 3 people in the room and the global distribution
for all cases together.
[17]. GMM parameters are estimated from training data us-
ing the iterative Expectation-Maximization (EM) algorithm
or Maximum A Posteriori (MAP) estimation from a well-
trained prior model. In general, a Gaussian mixture model is
a weighted sum of M component Gaussian densities as given
by:
p(xj) =
MX
i=1
wig(xji;i); (5)
where x is a D-dimensional continuous-valued data vector
(i.e. measurements or features), wi, for i = 1; : : : ;M , are the
mixture weights, such that
PM
i=1 wi = 1, and g(xji;i), for
i = 1; : : : ;M , are the component Gaussian densities, with
mean i and covariance matrix i.
The complete Gaussian mixture model is parameterized by
the mean vectors, covariance matrices and mixture weights
from all component densities, collectively represented by the
notation  = fwi; i;ig for i = 1; : : : ;M .
In this paper, assuming the independence between the data
vectors, we estimate the parameters f
(j)
c
k;p for the GMMs
related to different scenarios and carrier frequencies using
the Maximum Likelihood Parameter Estimation. This method
relies on the EM algorithm and provides the Mixture Weights
wi, the Means i and the Variances (diagonal covariance) i
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for i = 1; : : : ;M . We found that in all cases a good agreement
between the fitted and the empirical distributions is obtained
for M = 2.
The means i’s and the variances i’s for i = 1; 2 ob-
tained for the two Gaussian components fitting the empirical
distributions for the four scenarios listed above, are plotted
against frequency in Figs. 6 and 7, respectively. The means
1’s (solid lines) are close to 0 for all cases, but exhibit a
strong dependence on frequency, since they do not exceed
2 dB at frequencies below 62 GHz, whereas they fluctuate
from -4 dB to +4 dB above 62 GHz. The number of people
in the proximity of the link contributes to increasing these
fluctuations. Actually, the 1 for one person is almost constant
at about 0.5 dB with the increasing frequency. Increasing
the number of people produces larger fluctuations, where
the worst case is the one with three people. The case “all
together” remains at an average value between all cases,
as expected. The 2’s (dotted lines) are higher and exhibit
higher fluctuations than the 1’s, but the cut-off frequency
is the same for the two, being the fluctuations lower below
62 GHz for both quantities. The variances for the two Gaussian
components of the GMMs fitting the empirical distributions,
both 1’s and 2’s, are quite small, ranging from 0.1 to 1.9
dB. 1’s (solid lines) appear almost independent of frequency
with a spread in the values of 0.9 dB, which cannot however
be fitted against any defined law, since the values fluctuate
randomly at different frequencies. Also there is not a defined
trend related to the increasing number of people. Concerning
2’s (dotted lines), their values have the same behavior of 1’s
between 54 and 63 GHz, whereas exhibit a significant increase
above 63 GHz, reaching their maximum of 1.9 dB at 64 GHz.
It is worth noticing that the 2 for three people is practically
constant around 0.2 dB.
If we correlate means and variances of the GMMs models,
we may infer that at frequencies below 62 GHz the additional
shadowing due to the presence of people in the office room is
limited at 2 dB with a small variance, i.e. the additional shad-
owing is almost predictable especially for the first Gaussian
(solid lines). Fluctuations appear positive or negative, due to
the phenomenon of diffraction [21]. At higher frequencies the
additional shadowing becomes significant with an increased
variance. It is important to remark that this behavior is only
due to the presence of people, since all values are normalized
to the basic received power recorded in the absence of people
in stationary conditions at the corresponding frequency.
IV. SHADOWING FOR THE BLOCKAGE SCENARIOS
The characterization of the Shadowing phenomenon due to
the presence of people in the proximity of the link is not
complete if the blockage scenario is omitted. In this section
we present our findings related to the presence of people
obstructing the LoS path between the transmitting directional
antenna and the omnidirectional receiver.
As described in Sec. II, we made dedicated measurements
for the blockage situation with either 2 or 3 people ob-
structing the link. The positions of the people during these
Fig. 6. The mean values 1’s (solid lines) and 2’s (dotted lines) of the
Truncated Gaussian Components fitting the empirical distributions for the
Shadowing due to the presence of either 1, 2 or 3 people in the room and the
global distribution for all cases together.
Fig. 7. The variances 1’s (solid lines) and 2’s (dotted lines) of the
Truncated Gaussian Components fitting the empirical distributions for the
Shadowing due to the presence of either 1, 2 or 3 people in the room and the
global distribution for all cases together.
measurements are indicated in Fig. 2 by the orange circles
in the center of the room. The total signal attenuation is
plotted against the carrier frequencies in the bar chart plots
of Fig. 8, comprehensive of the path loss measured in the
absence of people and the shadowing due to either 2 (upper
plot) or 3 (lower plot) people. The cyan columns represent the
attenuations due to the path loss of the stationary link when
there are no people in the room. The red portion of the columns
represent the additional shadowing due to the presence of
people. We obtained these values as the average of multiple
CIRs measurements. The data exhibit a significant dependence
on frequency, which is not a constant increase with increasing
frequency. Surprisingly, the additional shadowing related to the
presence of three people is slightly lower than the case for two
people in the BL, whereas it is comparable in the BH . This
could be related to the positions of the two or three people
in-between the link, because the persons 1 and 2 are mainly
obstructing the link, whereas the third person is on the side
and may produce a waveguiding effect of the signal toward
the receiver. Finally, it appears that in the BL the additional
shadowing diminishes with the increasing frequency, whereas
in the BH it grows from 12 to 25 dB from 61 to 64 GHz, and
decreases to 8 dB above 65 GHz.
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Fig. 8. Bar chart of the additional shadowing values SB in the presence of
either 2 (upper plot) or 3 people (lower plot) in the blockage position for the
eight carrier frequencies.
V. CONCLUSION
We presented an accurate study of the additional shadowing
due to the presence of people in the proximity of a 60 GHz
link in an office environment. It is well known that the human
body has a strong influence on the propagation of mmWaves
signals, which represent one of the key enablers for future very
high data rate WLANs for 5G communications. We described
the dedicated measurement campaign designed to account for
realistic situations in every-day life, i.e. people usually make
the same path to reach their own desks, portable devices
are expected to be simple and not equipped with advanced
beamforming techniques, etc. Based on these data, we derived
a statistical model of the additional shadowing induced by
people in the proximity of the mmWaves link based on the
GMM. We found that the additional shadowing is dependent
on frequency, quite small, and not varying significantly (the
variance is small). We also analyzed the blockage situation,
with either two or three people obstructing the LoS path.
Generally, the additional shadowing due to blockage increases
with the increasing frequency if above 60 GHz, whereas an
opposite trend is observed below 60 GHz. The proposed
models allow tractable analyses of future 5G communications
systems at 60 GHz.
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